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Abstract ;
N

axisymmetric high speciffc impulse plasma accelerator with a constant

A computer is used to simulate a co.lisionless plasma in an

applied electric field and with no applied magnetic field. The
collisionless plasma model is shown to be applicable to plasma acceler-
ators that operate with specific impulses irn excess of 10“ seconds and
with particle number densities of the order of 1015 particles/cm3 or
lesg. " In particular, the model is used to simulate an accelerator that
has repently produced specific impulses of the order of 105 seconds
with/ﬁarticle number densities of the order of 1015 particles/cm3.
»TpThe computer simulation is accomplished by representing the many
ions and electrons in the plasma by several thousand representative
particles, These several thousaid particles are assumed to constitute

a good statistical sample of the actual ions and electrons, and the

‘normalized distribution function of the plasma is approximated by the

normalized distribution function of the representative particles. , The

motion of these representative particle;&}g_}_g}}gm ; and the
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electromagnetiéliields induced by these particle motions are calculated
by integrating the charge and current densities obtained.from the
particle distributions.

“. A computer program has been developed to display simultaneously
on a cathode ray tube the electric potential, the magnetic field, and
the motion of the representative particles as they move through the
accelerator under the influence of the fields./:?hese displays, which
have been recorded on motion picture film, illustrate the coupling

between the particle motions and th>» fields. In particular, the dis-
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plays illustrate how the plasma motion modifies tke applied electric

potential, how the currents induce large magnetic fields, how the ions

receive their energy directly from the electric field, and how the

ions are deflected toward the accelerator exhsust by the induced N

magnetic field.

The results of the computer simulation illustrate that two fre-

quently used concepts for a nearly neutral highly conducting plasma

should not be applied to this problem. These concepts are (1) that the

-h
p,E torce cancels the p;E force for a neutral plasma, and (2) that

plasmas with infinite conductivity are frozen to magnetic field lines.

Although -the plasma is nearly neutrel, the pii force is not strictly
cancelled by the p;E force as in a highly collisional plasma because
the electron and ion gas=s can easily slip through one another. For
this case, the pei force on the electrons is balanced almost entirely
by the Vex'ﬁ force rather than by collisions with the ions, and the

piﬁ force is the dominant force for adding energy to the ions just as
in the electrostatic ion gun, Although the electricezl conductivity

in the simulation is effectively infinite because there are no particle-

particle collisions included in the simulation, the fluid is not frozen

to the magnetic field lines because of the laggg ion inertia forces,

Although the ions are accelerated by an electrostatic field just

as ir an ion gun, the current is not space-~charge limited as in an ion

gun because electrons are present to partially neutralize the plasma.

The electrons are restricted from flowing directly to the anode by the
self-induced magnetic field.
Since the ions receive their energy from an elcctrostatic field,

they do not obtain the "anomalous velocities" (i.e., velocities greater
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than they would receive by falling through the potential applied across
the electrodes) that are reported for the MPD arcjets.

Performance predictions based on the computer simulation are
given for the high specific impulse accelerators for applied voltages
from 103 to 105 volts.

The results from the simulation suggest that the high specific
impulse plasma accelerators should operate most efficiently with no
applied magnetic field and with a mass flow rate propertional to the
cu;rent. The specific impulse should increase in proportion to the

current, and the voltage and thrust should increase with the square of

the current.
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I. INTRODUCTION

Electric plasma accelerators are attractive for deep space
propulsion because they offer a required combination of high specific
impulse and high thrust density. The high specific impulse is re-

quired for efficient use of the propellant, and the high thrust density

STPRTLG WA I S T O ] AR

is required to keep mission times within reasonabie bounds.

A graph produced by Clark and Jahn1 that compares the specific

TP

e impulses and thrust densities of electric accelerators with specific
¢ impulses and thrust densities of other propulsion devices is shown on
figurg 1. This graph has been modified to show the new state of the
art for pulsed plasma guns as given by Chengz. The graph illustrates
that other propulsion devices can produce either high specific impulse
or high thrust density, but not both,

The chemical rocket can produce high thrust density but not
high specific impulse. It converts chemical energy to thermal energy
and then converts thermal energy to directed energy with a nozzle.
With this arrangement, the directed energy per unit mass of propellant
cannot eiceed the chemical energy per unit mass available for conversion.
The chemical rocket can achieve a high thrust density by using a large
»; mass flow of propellant, but the velocity and the specific impulse
are limited as shown on figure 1. On the other hand, the ion engine
can produce high specific impulse but cannot produce high thrust density.
The flow of ions that are accelerated electrostatically by the high
voltage acceleration grid is limited by the space charge of the ions
between the ion source and the acceleration grid. Therefore, even

though the ion engine can accelerate each ion to high velocity, it can

A RO AR Yol
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not produce high thrust density. The nuclear rocket, which converts

nuclear energy to thermal energy and then thermal energy to directed

T

energy with a nozzie, can produce high thrust density but is limited
in specific impulse by the properties of the material containing the
heated propellant. Although a large amount of energy per unit of mass

can be converted from nuclear erergy to thermal energy, the propellant

SAREE AR A BE LA UG R il GG SO LS Sait ot T SRR RS

must be contained by the physical wall; so the thermal energy is limited,
and consequently tbe specific impulse is limited to the value shown on
figure 1. In a resistojet, an electrically conducting material is
heated ¢lectrically and the propellant is in turn heated by the con-
ducting material. The propellant temperature is always less than the
temperature of the conducting wall, and consequently the specific
impulse is limited to the vaiues shown on figure 1.

The remaining devices shown on figure 1 are electric plasma

accelerators. The conventional arcjet uses an electric arc to heat

.

£ the gas and then converts the thermal energy to directed energy with a
nozzle, These arcjéts are limited in specific impulse by the proper-

$ ties of the material containing the heated propellant exactly the same

as the nuclear rocket, The cross-field, MPD, and Cheng's accelerators

can achieve much higher specific impulses because the electrical energy

is not all converted to thermal energy -- rather much of the energy is

converted straightway into directed energy, and, consequently, no

nozzle is required to convert thermal enexrgy into directed energy. The

specific impulse achievable 1s then limited by the amount of electrical
energy that can be converted straightway into directed energy without

impinging excessive energy onto the material components of the acceler-
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ator. Some of the propellant impinges on the accelerator wall and
the electrical current carried by the electrodes imparts heat to the
electrodes; so the amount of energy that can be imparted to the gas
will ultimately be limited even in the devices that convert a high
fraction of tue total electrical energy directly into directed energy.
This limit has not yet been accurately determined. Nevertheless, it

has been shown experimentally that the combination of specific impulse

~and thrust density already obtainable with the electric plasma ac-

celerators is much greater than that ob%ainable by the other propulsion
devices.

Plasma accelerators also have an application as a source for high
energy plasma for controlled nuclear fusion devices. All the plasma
containment devices desigred thus far for continuous operation lose
plasma at a fairly rapid rate, and in order to replace the lost plasma
a source of high energy plasma is required. Plasma accelerators have
the capability to produce a plasma with the energy required for fusion
at mass flow rates orders of magnitude larger than the ion guns presently
being used.

The development of the clectric plasma accelerator has been
primarily achieved by experimental trial and error techniques because
a good, detailed theoretical analysis was not available. At the end
of 1963, Ducat13 found experimentally, to his surprise, that the
specific impulse within an arcjet, such as the one shown in figure 2,
could be increased from the region on figure 1 denoted as the conven-
tional arcjet to the region denoted as the MPD arcjet by simply re-
ducing the pressure in the accelerator from near atmospheric pressure

to pressurcs under 0.1 atmosphere, and by increasing the current from




hundreds of amperes to thousands of amperes. In 1968, Cheng obtained
the further increased performance shown on figure 1 from an experiment
in which he amaintained a low pressure and further increased the current
from thousands of amperes to the order of one-hundred thousand amperes
within a coaxial configuration as shown on figure 3. Clark and J;hnh
are experimenting with an electric accelerztor with the coufiguration
shown on figure 4 at currents in excess of 100,000 amperes, but they
have not yet measured the specific impulse and thrust density within
their accelerator. Although Cheng's and Clark and Jahn's accelerators
are pulsed, the characteristics of the accelerators are rearly steady
over most of the pulse, and Clark and Jahnh point out that the perfor-
mance is a good simulacion of steady state accelerators.

Disguised by the seemingly continuous, smooth transition of the
experimental results from the conventional arcjet regime to the MPD
arcjet regime and onto the regime of Cheng's data is the fact that the
relative importance of the various accelerating mechanisms differ
appreciably in the Qarious regimes., Theoretical models have recently
been devaloped to describe the acceleration mechanisms for the conven-~
tional arcjet and for the MPD arcjet. The purposes of this dissertation
are (1) to present a theoretical investigation of the acceleration
mechanisms for an electric accelerator in the high performance regime
of Cheng's data, (2) to use the results of this investigation to argue
that the models recently developed to approximate the acceleration
mechanisms for the MPD arcjet regime cannoct be extended into the high
performance regime, (3) to suggest a more appropriste theoretical
model to be used for this regime, and (4) to present results of a

computer simulation based on this model.
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II. ACCELERATING MECHANISMS WITHIX ELECTRIC PLASMA ACCELERATORS

The shift in importance of the different accoleruting mechanisms
can be related to the importance of particle collisions within the
accelerator. When the particle free paths are sufficiently small, as
in the convertional arcjets that operate at near atmospheric prasiure,
the electrical energy given to the charged particles is quickly random-
ized by collisions. No appreciable directed energy is imparted to the
gas by the electromagnetic field -~ instead the thermal energy is con-
ve£;ed to directed energy with a nozzle.

As the charged particle path lengths between encounters increase,
the charged particles are deflected between collisions by the magnetic
field and receive a component of velocity in the 3*3 direction, 1If
collisions are sufficiently frequent, most of the electrical energy is
given to the electrons, and the electrons transfer their directed
energy to the ions by collisions, However, if collisions are sufficiently
rare, the electrons cannot transfer their energy to the ions by close
collisions and the ions receive most of their energy directly from the
collective electromagnetic fields,

To determine whether or nct the electrons can transfer their
directed energy to the ions by close collisions, one must compare the
electron path lengths required to transfer energy to the ions with the
dimensions of the accelerators. (This path length is much longer than
a "free path" because the energy exchange in an elastic collision be-
tween a light particle and a heavy particle ié small compared to the
kinetic energy of the particles). Accelerator dimensions are usually
of the order of centimeters. The MPD arcjet, Cheng's accelerator, ana

Clark and Jahn's accelerator operate with ion number densities of the

5
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order of 1015 1ons/cm3 throughout most of the accelerator., For this
density, ihe minimum electron path length required to transfer to
hydrogen ions energies corresponding to specific impulses from 103 to
105 seconds have been estimated and are shown in figure 5. These mini-
mum path lengths were calculated using the coulomb cross section and
assuming that the average velocity of electrons is equal to the average
ion exit velocity. Electron velocities are most likely higher than this
minimum value; therefore, the corresponding path lengths are most likely
longer than the minimum values shown in figure 5. The path length
increases rapidly with increasing energies because the coulomb cross
section decreases rapidly with increasing energy. Figure 5 shows that
for an clectron to tranafer 10 ov to the ions a path length of the order
6f 1 cm is required, whereas a 106 cm path is required to transfer 1oh
eV,

The range of specific impulses depicted by Clark and Jahn for the

MPD arcjet is also shown on figure 5, and it is seen that the corresponding

path lengths are ot'the order of or smaller than the dimensions of a
typical acceleratozr, Therefore, in such o device the slectrons can
trensfer to the iors by coliisinns much of the energy directed in the
3£§ direction., When, in adcdition, the number of electrcns that pass
through the accelerator is large compared tc the number of ions that
pass through the accelerator (electron curreat much greater than ion
current) each ion can be given erergy from many electrons. Thus, the
ion can achieve an "anomalous velocity", i.e. a velocity greater than
it would receive by falling freely through the available potential

field,




ey

. On the other hand, in Cheng'e experiment, the specific impulse

is of the order of 105 secs and the electron path length shown on

figure 5 for this specific impulse is orders of magnitude larger than

the largest dimension of his accelerator. Therefore, either (1) many

-

! more electrons than ions flow so even though each electron gives only

a small increment of energy to an ion sufficient electrons are present

YROLE TN

to give the relatively few ions their final energy; or (2) the ions

receive most of their energy directly from the electomagnetic fields.

If the former were correct, most of the electrons would go to the anode

because, for steady operation of an electrically floating accelerator,

the n&mber of electrons leaving the accelerator must equal the number

of ions leaving the accelerator. Since most of the energy of the

electron could not be transferred to the ions, most of the energy would

be transferred to the anode resulting in efficiencies orders of magni-

tude less than unity. Although efficiencies have not been accurately

measured in Cheng's accelerator, order of magnitude measurements show

that they are not very small compared to unity. Therefore, the latter

must be correct -- most of the energy the ions receive must come directly

’é from the electromagnetic fields (induced as well as applied) rather than
from close collisions with electrons. (For steady fields, the ion must
receive its energy from the electric field alone because a steady
magnetic field can only deflect a charged particle rather than impart
energy to it., Consequently, high specific impulse in a steady ac~-

{ celerator requires high voltage.)

Although the electron cannot transfer much energy to an ion

during an electron-ion collision, the direction of motion of the eiectron

j—— = B S N p—— o - _
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is appreciably changed by the collision. Nevertheless, when the mean
free path for the electron is much greater {han the radius of gyration
of the electron in the magnetic field, (ie, when the Hall parameter

A

= uﬁe = ;3 is much greater than one), the mean motion of the electrons
is nearlygthe same as if they were collisionless. Between collisinns
the mean velocity of the electrons is equal to iiﬁ/Ba. A collision
merely shifts the center of gyration, but the velocity remains at
ixi/nz. The shift in the center of gyration is of the order of the
gyro radius; so a3 long as the electron moves much further than a gyro
radius between collisions, the mean motion of the electrons will be
nearly tﬁe same as if the electrons were coiiisionless, In Cheng's
experiments, the magnetic field was of the order of one tesla (10h gauss).
The electron temperature is not known, but even if it were as low as

5 ev, the resulting Hall parameter would be greater than 100. There-
fore, the motion of the electrons, as well as the ions, is little in-
fluenced by collisions,

Although collisions are not a primary mechanism for accelerating
the ions, collisions are important for producing the plasma. The
following more detailed examination of the processes that occur within
the high specific impulse accelerator indicates how there may be
sufficient collisions to produce a plasma but not for effective transfer
of energy between electrons and ions.

The ion density throughout most of the accelerator is on the order

of 1015 ions/cm3

, but the neutral particle density near the point of
gas injection must be much greater. A speculation of the heavy particle

density within Cheng's accelerator is given in figure 6, This distri-
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bution was deduced from the measured mass flow rate, the one-dimensional
continuity equation, a measured ion exit velocity, and a speculated
variation of axial velocity with axial position. The measured velocity
at the exit is approximately 106 m/s whereas the velocity near the
region of gas injection should be of the order of the thermal velocity
of the gas: 1less than th m/s. The velocity curve shown in figure 6
is merely a speculation of how the velocity increases from the order of
1oh m/s to 106 m/s; the large difference in magnitude from the inlet to
the exit is the important feature rather than the shape of the curve,
With a hydrogen flow rate of the order of 1 g/s and with a cross sectional
area of approximately 10 cma, the particle densities obtained from this
velocity curve are as shown on figure 6. The density near the inlet
is two orders of magnitude higher than the density throughout the rest
of the accelerator.

Most of the ionization should occur in the high density region.
After a particle is ionized, it suddenly experiences the high acceler-
ating force of the electromagnetic fields, (Note that the ionization
energy and the thermal energy of the gas at the inlet are small compared
to the kinetic energy of the ions at the accelerator exhaust). While
the ion has low energy, it should continue to collide frequently, but
as it receives more and more energy its collision cross section deqrease:
rapidly and it moves into a low density region. By the time a hydrogen
ion ha. received one-tenth of its energy and has moved into the low
density region, its mean free path for collisions with other ions
(shown in figure 7) is already several orders of magnitude larger than
the size of the accelerator, Furthermore, in éhis low density region,

there are insufficient electron-ion collisions to transfer an appreciable

9
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energy between electrons and ions. Therefore, the hydrogen icns
enturing the low density region should become effectively runaway
particles, falling for all practical purposes freely through the electro-
magnetic fields. (Since they receive most of their energy in this region
where they are vssentially freely falling, it is important that theoriss

for these accelerators model this "free fall region”" correctly.)

10
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II1. THEORETICAL MODELING OF THE ELECTRIC PLASMA ACCELERATORS

The theoretical models used to describe the electric plasma

accelerators must reflect the changes ir the accelerating mechanisms

described in tle previous section.

A typical conventional arcjet is shown in figure 2. Most of the

electrical energy !s converted to thermal energy in the constricted

part of the nozzle where the pressure and the electrical resistance are

relatively kigh. For this constricted region, one can model the energy
conversion and the gasdynamics with continuum fluid equations with the
ohmic heating temm, 353, included in the energy equation but with the
electromagnetic force terms, oE and 3&3, neglected in the momentum equa-
tion. Theoretical analyses for the constricted region using this model

5 6

have been presented by Stine and Watson” and by Watson and Pegot .

There is relatively little electrical energy converted to themmal energy

in the expanded part of the nozzle, and this region may be approximated

using the continuum fluid equations with none of the electromagnetic temms,.

A typical MPD arcjet is shown in figure 8. In the MPD arcjet
regime, the charged particles are given an app:eciable deflection between
collisions by the magnetic field. The resulting force on the electron,
expressed by the Eeiﬁ term is in the same direction as the resulting
force on the ion, expressed by thejais term, and the .otal force,
expressed by 3*3, is not negligible compared to the pressure force
as it was in the conventional arcjet. The forces on the charged par-
ticles due to the electric field, p;g and piﬁ, are opposing, and because
there are sufficient collisions such that the electrons and ions can
transfer energy, the net force, pi, is negligible compared to the

3x§ force in this regime. Therefore the theoretical models

11
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for the MPD arcjet regime include the 3i§ term in the continuum momentum
equation but neglect the dﬁ temm.

A number of attempts have been made to obtain solutions for the
properties of the MPD arcjet using this theoretical model. These attempts
have been reviewed recently by Nerheim and Kelly7 who concluded that
“the thrust production mechanisms are poorly understood as indicated by
the number of conflicting assumptions, approximations, and processes that
have been proposed.” Although the only forces considered for these attempts
have been the pressure forces and the JxB forces, an accurate solution of
the pressure, current, and magnetic fields throughout the accelerator has
niot been qbtained, and the various assumptions and approximations referred
to bty Nerheim and Kelly are those that are made concerning these fields.
In some analyses the 3%3 forces are considered as constraint forces and
the propellant is assumed to be constrained to flow parallel to the mag-
netic field so that the magnetic field surfaces act as a nozzle, In
other analyses the 3i3 forces are divided into components and each compc-
nent is treated separately. The axial component is called the "blowing
force" and the radial component is called a "pumping force." When there is
an applied magnetic field oxr if the properties are not axisymmetric, there
is also an aziwmuthal componentl There is considerable controversy re-
garding the relative importance of these various components of the 3#3
force and regarding how they should be calculated. Nevertheless, all of
the analyses for the MPD arcjet regime use this same model wherein the
3i3 forces are included and the pi forces are neglected in the continuum
momentum equation,

In the direct electromagnetic acceleration regime, the elec:irons
cannot transfer an appreciable fraction of their energy to the ious, and
the ions receive a major part of their energy from falling througk
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the electric field. Therefore, the pii term becomes the dominant

force term for imparting energy to the ions. Furthermore, throughout
most of the accelerator, neither the mean free path cf the inns, shown
in figure 7 #s a function of ion energy, nor the ion Larmor radius is
small compared to the size of the typical accelerator; so the continuum
equations are inappropriate. Therefore, the basic model used for the
MPD arcjet regime which employs the continuum equations and neglects
acceleration directly due to the electric field is rot appropriate in
the interesting regime of the direct electromagnetic accelerators,

The theoretical model used herein for the high specific impulse
accelerators operating in the regime of direct electromagnetic accel-
eration gives prime consideration to the "free fall region” described
in the previous ghapter because the ions receive most ~Z their energy
in this region. The high density region near the point of gas in-
Jjection is considered only as a source of plasma for the upstream
edge of the "free fall region'". The plasma in the "free fall region”
is considered as collisionless and this collisionless plasma is sim-~
ulated with a computer as described in the next chapter.

In 1964, in discussions with Professor R. Jahn of Princeton and
Dr. R. John of AVCO, the author proposed that a regime of direct electro-
magnetic acceleration would exist and suggested a simple model to
Jescribe the qualitative features of axisymmetric accelerators in this
regime, The model treats individual particle trajectories rather than
the continuum equations, and the ions are assumed to receive their
energy directly from the electric fields. At about the same time,
Stratton8 formulated a very similar model that included two zdditional

assumptions regarding the form of the magnetic field and the size of the
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ion Larmor radius. These additional assumptions allowed him to make
quantitative predictions for the accelerators. These two models will
be described and compared with the results of the computer simulation

after a discussion of the computer simulation study to be deacribed

next.
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IV. COMPUTER SIMULATION OF THE DIRECT ELECTROMAGNETIC ACCELERATOR

A. Introduction

In order to obtain a solution for the motion of the plasma in the
"free fall region” of the high specific impulse accelerator, a computer
was used to simulate the plasma. This simulation was achieved by rep-
resenting the many ions and electrons within the accelerator by
several thousand particles and by following the motion of these particles
in time; i.e., by the Lagrangian technique. Time was divided into small
discrete increments and the following coaputation procedure was used to

provide a time history of the fields and particle motions,
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FLOW DIAGRAM
FOR
* TOMPUTER SIMULATION OF A PLASMA ACCELERATOR

PRESCRIBE INITIAL DISTRIBUTION OF PARTICLES

CALCULATE ELECTRIC AND MAGNETIC FIELDE DUE TO THE

DISTRIBUTION OF PARTICLES .

CALCULATE SURFACE CHARGES AT THE ELECTRODES THAT SATISFY
CONDITIONS PRESCRIBED FOR EXTERNAL CIRCUIT

CALCULATE TOTAL ELECTRIC AND MAGNETIC FIELDS BY SUPERPOSITION
DF THE FIELDS DUE TO THE DISTRIBUTION OF THE PARTICLES AND THE FIELDS
DUE TO THE SURFACE CHARGES AT THE ELECTRODES

STORE ON MAGNETIC TAPE: TIME, ELECTRIC AND MAGNETIC
FIELDS, AND PARTICLE POSITIONS AND VELOCITIES

CALCULATE THE MOTION OF THE PARTICLLS DURING A SMALL
TIME INCREMENT USING THE EQUATIONS OF MOTION WITH
THE ELECTRIC AND MAGNETIC FIELDS CALCULATED ABOVE

NO
FOR PARTICLES HITTING BOUNDARI

NEUTRALIZE IONS HITTING THE CATHODE

| REFLECT PARTICLES HITTING AN INSULATOR WITH A PRESCRIBED ACCOMMODATION

INCREMENT TIME AND CALCULATE THE NEW DISTRIBUTION

REPEAT FOR EACH INCREMENT IN TIME

——
OF PARTICLES
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A lucid description of the Lagrangian technique was given by
Buneman and Dunn in reference 9. The technique has been previously
employed primarily to study electroatatic waves in a one- or two-di-
mensional, low density, boundless plasma or to study the ion trajectories
and electron neutralization within ion guns., In both app-ications, the
self-induced magnetic field has been neglected. A survey of the ap-
plications of this technique is given in reference 10. The computer
simulation preserted herein differs from the majority of previous
applications in that bourdaries and self-induced maznetic fields are
iucluded, the domair i5 an axisynmetric space rather than a one- or
two-di;ensional cartesian space, snd the simulated plasma densities are

much greater,
B. Accelerator Configurations, Boundary, and Xnitial Conditions

The two accelerator configurations used in the computer simu-
lation are shown in figure 9 and were selected to simulate the acceler-
ators being tested by Cheng2 (shcwn in figure 3) and by Clark and Jahnu
(shown in figure L4). Since detailed experimental measurements by Clark
and Jahn showed that the plasma properties are axisymmetric, axisymnetry
was assumed for the computer simulation.

The insulator extending downstream of the anode on the models
for the computer simulation were added to simplify the mesh configura-
tions (shown in figure 10) for the computer solution of the electro-
magnetic fields, The insulator could be moved out to a larger diameter
with new mezh points added to fill the added space. However, the

program presented uses all of the word memory of the computer which was

17
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employzd; so if more mesh points are used, the number of ions and
elactyons that gimvlate the plasma would have to be reduced or & larger
computer employed. Even though the added insulator causes some reduction
in perfommance, the solutions are adequate to display the significant
qualitative features of the accelerator and to check the computer
simulation techniques.

It was assumed that a constant potential was applied between the
electrodes and that the power supply was electrically floating. In the
computer simulation these two conditions were used to czlculate the
surface charges on the electrodes at each time step. The condition
that tte power supply be electrically floating combined with the con-
servation of charges gives the requirement that the net transfe:r of
electrons from the external circuit to the plasma (via the electrodes)
must be the same as the net change in the total charge of the external
circuit, In the computer simulation, the sum of the electrode surface
charges was required to equal the net transfer of the electrons
from the electrodes to the plasma., The condition that the potential
differerice between the electrodes be constant gives the requirement
for tho difference between the surface chages of the electrodes., These
two requirements are sufficient to uniquely determine the electiode
surface charges. Note that the floating power supply condition auto-
matically assures that for steady state operation, the plasma leaving
the accelerator will be neutral, If the electron flow rate from the
circuit-accelerator combination is greater then the ion flow rate, then
an excess of ions builds up in the circuit-accelerator combination
increasing the electric potential until the electron and ion flow rates

become the same,
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No magnetic field was applied -- the only magnetic field is

that induced by the particle motions. Since the model is axisymmetric

with no azimuthal current, the induced magnetic field i1s in the
azimuthal direction only.

A neutral gas was assumed to be injected through the insulator
walls surrounding the cathode and the gas was arbitrarily assumed to
become ionized in the regions shown in figure 9. (A simulation for
Clark and Jahn's accelerstor where the iomzation region was assumed to
be at the anode surface - considerably different than the region shown
in figure 9 - illustrated that the location of the ionization region
influences the efficiency 0f the accelerator somewhat, as described in
a later section entitled "Discussion”, but it did not change the
qualitative features described in a later section entitled "Primary
Results of the Computer Simulation"). The neutral particles were not
included in the simulation =-- rather electron-ion pairs were created
in the assumed “onization region at a rate corresponding to the mass
flow rate assuming 100% ionization of the gas. (Note that the gas
can be assumed to be completely ionized even though the hydrogen ions
are essentially collisionless in the low density region because the
cross section for ionization of the hydrogen atom is much larger than
the energy exchange cross sections for high energy ion-ion and electron-
ion encounters, For example, the cross section for ionization of the
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hydrogen atom given by Jahn11 is greater than 10 cm2 whereas the

ion-ion cross sections for 1ou ev i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>